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THE EFFECT OF FIIE "BLOB" SIZE ON THE CURRENT
CONVECTIVE INSTABILITY IN THE AURORAL IONOSPHERE

I. INTRODUCTION . .r

Ionospheric irregularities (or density fluctuations) cause

scintillaticr of radio signals which has been observed during diffuse

auroral situations [Fremcuw et al., 1977; Rirno et al., 1978; Rino and Owen,

1980]. The irregularities occur in regions of soft particle precipitation

whicn are confined in latitude) and horizontal plasma density gradients.

At present, the emerging picture is that large-scale density enhancements

(known as "blobs") are produced in tne high latitude F region and are

convected arcund the polar ionosphere; the sides of these "blobs" appear to

be the regions of structure ETsunoda and Vickrey, 1985]. There has been a

CCnsider o1e theoretical effort to understand these irregularities in terms

* of iradi-n driven fluid instabilities [Ossakow and Caturvedi, 1979; Huba

3and >33a.ow, 11AC; fikrey et al., 1980; Keskinen t al., ',90: Chaturvedi

and OssaKow, 1981, 1983; Keskinen and Ossakow, 1983; Satyanarayana and

Ossakow, 1983; Gary, 1984; Huba, 1984; Satyanarayana et al., 1985]. In

particular, the current convective instability CLehnert, 1958; Kadomtsev

and Nedospasov, 1960] has been suggested as a generation mechanism of

Plasma irregularities in the high latitude ionosphere 7CssaKow and

Chaturvedi, )79; Fejer and Kelley, 1980; Hanuise et al., 1931; 'ikrey and

Kelley, 1983]. This instability can be excited in a weakly collisional,

magnetized plasma which contains a field-aligned current and a transverse

density gradient. This ccnfiguration exists, at times, in the auroral

ionospnere along the sides of density enhancements ("blobs").

Manuscript approved December 6, 1985.
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The theoretical study of the current ccnvective instability, as

applied to the auroral F region, has evolved over the years. Initial

studies usec the local approxlmation which is valid for modes such tnat kL

>> I where 'k is the waver.imber and L is the scale length of the density

gradient 'Ossakow and Chaturvedi, 1979; Vickrey et al., 1980; Chaturvedi

and Ossakow, 1981; Gary, 1984]. Subsequent studies have considered a host

of' nonlocal effects which car. be important and are neglected in a local

analysis, e.g., magnetic shear rHuba and Ossakcw, 1980.; velocity shear

rSatyanarayana and Cssakow, 1983]; long wavelength modes (i.e., kL < 1)

:iuba, :984,; finite current char.nel width LSatyanarayana et al., 1985.1.

Overall, these effects have a tendency to reduce the growth rate of the

instabillty, with the exception of velocity shear which can stabilize short

wavelength modes (those with kL >> 1). Despite the modest reductions

growth rate the current convective instability has remained a viable

mechanism to generate density irregularities with scale length3 1-10 km.

A cctenttally -imeortant n.nl-ca. effect :hat has not been corsidered
. te.. . . ". or a t'.,"

Alt .*. fi....e extenr ") tne !"bo-b alon~g thne ambier2nt ieonagrnetic

field. For example, recent studies of barium cloud dynamics have indicated .-

. that the parallel extent of the cloud along the field can affect its

stao1i:ty :rcperties _Goldman et al., 1976; Sperling et al., 1984: Sperling

and Glassman, 1985; Drake et al., 1985]. Physically, the reason that this

effect could te significant is the following. The current convective

...staoilty requires densit,.y and potential fluctuations both parallel and

perpendicular to 3B i.e., assuming a Fouriler expansion of the modes we

have K - k e - k e where k is the wavenumber. 3ased on local theory,.I- ± i i - ) 2-:k,

the r.staoility attains maximum growth when k /k - / where

3 and a are the plasma ccr.ductivities parallel and perpendicular to the

.'. . . . . ."



field, respectively. For typical F region parameters we note that

a/ - 108 so that X ~ 104 A where A is the wavelength of the mode.I1 . I ±

Thus, for f.uctuaticns with X - 1-10 km, local theory requires parallel

wavelengths such that A 10 - 105 km for maximum growth. Or. the other

hand, the parallel extent of a "blob" is typically only several hundred km

so that local theory is probably inadequate to properly describe the

current convective instability in the auroral ionosphere (at least for the •",

fastest growing modes of interest).

In this paper we develop a nonlocal theory of the current convective

instability which considers the finite extent of an ionospheric "blob"

parallel to the geomagnetic field. We show that the physical picture

presented in the previous paragraph is, in fact, reasonably accurate. For

a mode that has a parallel structure sufficiently short to "fit" the

fastest growing mode into the "blob", we recover the maximum growth rate

predicted by local snecry. However, modes that have a parallel structure

letermined by tie extent of the "blob" along the fiele can have growth

rates s.b,.a". iallv -e,-ced from the maximum growth -ate ex-e.e,:"- .

local theory. For typical aurorall ionosphere parameters, the reduction in

the maximum growth rate of the instability for medium scale irregularities

',1-10 km) car. be -re to two orders of magnitude.

The organization of the paper is as follows. In the next section we

present the Physical model and basic equations used in the analysis. ..

Section :I: we derive the dispersion equation for tne current convective

instability which explicitly includes the finite extent of the "blob" along

the ambient magnetic field. In Section :V we present analytical and

numerical results. Finally, in Section V we summarize our findings and

apply our results to the auroral ionosphere.

3
beh.
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1I. MODEL AND FUNDAMENTAL EQUATIONS

We consider a slab geometry and a plasma configuratio as shown in-

Fig. 1. The ambient magnetic field and current are in the z-direcioz c-

(B , 0 ez and J - J ez3  The ambient density profile used is given by

!%%

.1 (x) 0 < z < zIb 0
M(x,z) ()

otherwise

where n b denotes the "blob" density which is confined to a limited region

along 3 and is inhomogeneous transverse to 0 and r1 denotes the
-0 0

homogeneous background ionosphere. We consider low frequency fluctuations
such that /at << .Q a v where Q2 and v represent the gyrofrequency and

collision frequency with neutrals associated with the a species. We also .e

assume V , << . /a. << I which is relevant to the F region of the iono-
en e in

. .sonere. naly, for simplicity we assume a cold plasma ( 7.e., *e *i .

.,a,, he ambient current is carri.ed oy electronrs .e., J = "

Vozez).

Within the context of our assumptions, the basic equatio'ns of our

analysis are cor.tinuitv, mcmentum transfer, charge neutrality, and Ampere's

law:

0 e- v x B - M V V

- c-e - e en-e

0 *eE v x B-m v vi ~4
II

7-e,. ..-. . . . .4 .....-



i-V e( -e - 0 (J)

x~± J (5)

where the variables have their usual meanings and we are in the neutral

frame of reference (i.e., Vr - 0). We take the electric and magnetic

fields to be represented by potentials as

E - - V€ - *t c at-)

and

B * B e 7A xe

0 z z z

where B0 is the ambient field, and 0 and Az are the electrostatic ard

vector ootenzials, respec:ively. We c.nsider only A. since J >> J .I I "-'.1b

.e......r. cr ss-fied motin _ given by

ve --- 1 V,--e
- e,.3

while the parallel motion is given ty

rt7 " at-] (10)

The ion cross-field motion is given by

" t5



S C (11) i3- z . B p

3. n

ar. the parallel motion is giver by

m v
e en << . (12)T, l in elI el

We now substitute (9)-(;2) into (2), (5), and (6) and arrive at the

2.lw r= equations:

)r c 3 2 -

at B 7 x ez zV -- A (13)

7.*r 0) c L A (14)
i re az A

3A

.,.e equ:'eum solution of (13)-(15) requires that

I xez *7n c A.,~7 =00 e• 0  4Tre az1

in. -.-.k

7 n 7 o. L  7 A 17)3e 0z 1 ,:... _-

7 2 A 04 I.Q
Jz0 "cn az

.e have ass-ued nL ;see ) and will also . take 0 and A to be

functiers :.i/ 3f x and z. Neglect of the y dependence on 0

equivale assuming E 0; we nota that it is the y component

Ov -,. ."

.-. ,-, . .. *.-.% * .. - . .-. , . . ., ..- .-- . . . . . .,W, ', ".. ...



of E which car. drive the usual E x B gradient drift instability in the F

region and we are excluding this possibility.] From (16) and (17) we then

find that

a 2
-VAz 0 (19)1ire z £ zO

ar.d

i n c f n . . 0 (2 0 )

Q. B ax 0 ± 0

Substituting (13) into (19) we find that

0 ( 2 1 )-
az CIe z,

Making use cf te defini~ion ,-: n. rm e e /ne- and using (20) and (21) we
e er

* can rewrite U4) as

in 3 (n 0  ,e n 0)* l-(n--- J o -----n0  o (22)
Q. ax 0ax a, 0en

which is equivalent to the requirement that 7 -O 0 since .Ox .

(v/.I)(kc/3)3(bO/3x.. and Jo n e/Me Va ),16/3, -
and . Oz 0~~ /z

Finally, we can write an equilibrium potential to de

x n. 1.dx
-E z -E ~ fOz - OX n (X')

(X, z) - (23)

- EozZ otherwise

-77
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This potential generates an equilibrium electric field

e n /n(x) < z < z

(2u)

t e otherwise
eE0 z0e:n z

which causes a parallel electron drift ( eE /Mv )e and an
0z Ozee z

01 r.i the "-
Lnnnomcgenecus cross-field drift V (x) -- tX/)./n-bX))e

"'blob" plasma. In the background plasma there Is only a parallel electron-

dr ift VW -- (ewz /m V e
-0 -0z e e

I:i. DISPERSION EQUATION

ee 11 nearize ( 3 in order to obtairn the dispersion equation

wr.:ch describes the current convective instability. We use the equilibrium

d aren; Ln Secti'.o. 7:-> assume perturbed fquant-Ities vary as p =P(X) exp

7** 1 Y- :' . ne ~-- e- at -rns are

- -= 7 -ex 77." p -A 7 (25)
tz t 0 4eaz z Z

-' ~i * -c ~ ,2-7- , 7 .7A -0
.3 0~ 3 j -re cz

-and

72 47~re -V 47 j 3A z
z c z cne 3 c t :27)

_wn tne f l..owirg we will ignore terms proportional to 7 s which is valid

for ;V/, e< iV( 3/3z i. Retair.ing these terns leads to two effects:

8. %

* ;:-:::-::.
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a real frequency is produced proportional to kyV o(X 0 ) where x - x0 is the

location of mode localization, and (2) velocity shear stabilization of

short wavelength modes (Satyanarayana and Ossakow, 1983). We are

intentionally ignoring these effects in order to highlight the influence of

finite "blob" size on the current convective instability.

Eliminating n from these equations we obtain two coupled differential

equations for A and 6,

[Y k2 D r] z 9-c- + i-ck y (28)

DAA*and"-"

a- - D 1 Z (29)r C 3Z :

where Dr - (c2/, 2 )v is the resistive diffusion coefficient,
pe e

2 2W e.41n0e Me, ae /je)(i /Vin ),adY0-_v/e"AVzanq/ax-

.n writing (28) we have taken (v zY)D/z << I which can be sno.wr a

posteriori; this term does not affect the growth rate of the mcde :, -,ny

causes the mode to have a real frequency. Finally, combining (28) and

(29), we obtain the mode equation for the current convective instability in *....

terms of the vector potential Az.

3A Y 3A 2
(L D i a (y k D )A 0. (30)Z r 3z Y r y z y r

Prior to solving (30) for the density profile shown in Fig. ib, we

first consider a blob of infinite extent along the field. We Fourier

expand modes parallel to BO' i.e., p(z) - p exp(ikzz) and use the local

approximation [ky (3 in nO/3x)-' >> I] so that (30) can be solved

"F..

9 0

9 P1.



algebraically. This allows comparison with previous results [Ossakow and

Chaturvedi, 1979; Chaturvedi and Ossakcw, 1981]. The local dispersion

equation is given by

Y -- k kva D + (k + k )Dr  0. (31)'t y z r y r

The first term in (31) is related to electromagnetic effects, the second ,"N

term to convection alo'ng the gradient (whion causes the instability), and

the final term to perpendicular ion motion and parallel electron motion.

,n the electrostatic limit (k Dr, kD >> Y) the growth rate is given by

y~ r z r

v(k/ky)
S" O(32)

I + aK '.
z y

whi.ch agrees with the results 3f Ossakow and Chaturvedi 01979). This

* growth rate has a maximum value when k-/k = is 3ver, :y
z Y

Ymax YO/2 (33)
m.ax 0

Retention of electromagnetic effects yields the following growth rate

2 k- D - I k V D 11/2 (3'D k14.1

2:'2 r ayz r-

where k2  k2 + ak2 and which can be shown to agree with Chaturvedi and
y z

Ossakow (1981).

We now solve (30) for a density profile relevant to a plasma "blob" in ?

the auroral ionosphere. The equation is solved subject to the boundary

10
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ccndition A z 0 as izi - *. For a "top hat" density profile (Fig. Ib),

the soluti-n to (30) in the region z 0 0 and z > z0 can be written as a

plar.e wave,

A"Aiexp(- kt~ ) (35) "

where

k k (J(36)

~* -, ',R-

k Y /aR .2

and

R -. yr (37) J..

Y + k 2
y r

Note that the subscript i denotes quantities that are evaluated in the

*ackgrour. ionosohere (i.e., z < 0 and z > zO ). The :arameter R is a

measure of the electrostatic'electrcmagnetic nature of the mode. For

Y << k2D we note that R - I and the mode is essentially electrostatic. In
yr. 2

the opposite limit, Y >> k D the mode is essentially electromagnetic with
y r

<< I.'-"

I. the region < z < 0  i.e., Tegion occupied by the density

enrarcement, the solution to A is given by

-A exp(i z) exp(ik z) (38)

, .. 4Zb~ I. z I

where

% , 11

zz ,, ;



, .. 2

k Y 2 y2 4)12 (39)

and

k YO2
k 1 Y0 1 2k . -[_ - - (Lo ) 1/21 (02 r 2 Y 2 b2 R (0

Again, the subscript b denotes quantities that are to be evaluated in the

blob (0 < z < z.).

To determine the dispersion equation we match the plane wave solutions

at z = 0 and z z0 . The appropriate matching conditions are obtained from

(28) and (29). Namely, we require that Az and Dr3A z/aZ be ccntinous

across each boundary. Using these boundary conditions, we find that the

* dispersion equation is given by

exp (ia.zj = A ...A

where

kk
k k.A (42)•

(- k)I "."

1 + ir- 1" irk

k.2

Ak kL - L _[_j / y2±3"1 2 I

(~D~b(44)

and ki, kj, and k2 are given in (36), (39), and (40), respectively.

12



IV. ANALYTICAL AND NUMERICAL RESULTS

We now present analytical and numerical results for the growth rate of

the current convective instability based upon (41). We cast (41) into

:imensionless form and obtain

exp(IkZ 0Ak) , A (45)

. . Z /V '- .'"

where K kL r , z z 0 / L r, Ak - Ak/ky, and Lr = Dr/y 0 is the resistive

diffusion length. First, we note that in the short wavelength limit, i.e.,

when k z>> 1, k which implies Ak - 0, so that A = 1 is a solution
y .2

to (45). The growth rate is given by .4-

y 0 .y = iF(46)
2

In the electrostatic limit (y << k2D 3 we note that R - 1 and Y Y/2

y r

wr.ich ,orresponds to :he naximum growth rate -.f the Lrstatil-ity based upor.

:cL 3he: :: -a 3l. Tis result makes sense physic(ally ze the

limit kyz0 >> 1 corresponds to modes with parallel wavelengths much smaller

than the parallel length of the blob; hence, the outer regions (i.e., z < 0

and z > z0 ) have little affect on the dynamics of the instability.

On the other hand, for long wavelengths, i.e., k z << 1, tne growth
y o

rate is strongly affected by the finite length of the blob. The growth

rate is reduced and k2 >> k1 " In this limit A - - 1 and the dispersion

equation becomes

k z Ak - (2m + 1 )it (47)
y 0

* ~13 
-*........ "- * '.



where m 1 1, 2, ... is a. integer. Equatior. (47) yields the following ,

growth rate

k z 3
Y " 0 (2m i) (8)

We note that this growth rate is independent of the value of R. Also, the

fastest growing mode in this regime corresponds to m - 0.

In Fig. 2 we present numerical results based upon (45). We plot

Y Y/Y versus k - kI for z - zol// L - 1 and" - 0.2 for several
C yr 0 0 r

values of mode number m. The solid curves are numerical results while the

dashed curves are based upon the analytical results (46) and (48). Note

the excellent agreement between these results in the short wavelength

"_.e.., k >> 21r) and long wavelength (i.e., k << 2,) limits. in the
y y

short wavelength regime the modes are electrostatic (R - I ) and have a

growth rate which is the same as the maximum value obtained from local.

,hecry ' - 0 /2, see (33)]. In the long wavelengtn limit the modes are

* eactr-magnetic << 1) and have a sma-l.r growth rate than in tne sort:

wavelength limit.

Physically, the reduction in growth car. be explained as follows. The

current con.vective instability requires a density and potential

perturbation parallel to B which corresponds to a parallel wavenumber in-0
the local analysis (the second term in (i) is the driver and depends upon

Y0 and k.). From local theory, the instability achieves maximum growth

when k 1//a / (a /2 where a and i are the perpendicular and .when~~I the iooshee o -8I
) 1  hrec -.

parallel conductivities, resoectively. In the Aoosphere, 0Ia - 10-8 < ,.
± I

1 so that the instability favors very long wavelengths parallel

14 '2? iYJ

......P'.- 
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to B- relative to the perpendicular wavelengths (X >, We define the
-.,-."

maximum effective parallel wavenumber that car. be supported within the blob

as

kz(eff) 271r/zO. (49) P f'%

Using (49) to determine the value of kyZ0 for maximum growth based on local

theory (k /k - V'a) we find that kz 0 - 21. Thus, for kyZ0 >> 27 we expect
y z"

that the blob is sufficiently long to support a parallel wavelength which

yields maximum growth, i.e., k., > kzceff). This is, in fact, quite

apparent in Fig. 2 where Y - 0.5 for kyz >> 21r. However, for modes such

that k YZ0 << 2n it is not possible for any mode to satisfy the condition

k /k - . Therefore, the modes grow at a reduced growth rite; azai .
- y , '''

this is apparent from Fig. 2. In fact, this corresponds to the lii:.it

k /k >> 1 based on local theory. Making use of t;is appv-oximaio.n inz y ,..

(32 we fInd t;-iat

kY ...L.. (.5..)

z

which agrees with (48) if we make the identification k- --2m +.
z 0

V. DSCUSS:CN

We have studiec the effects of finite size of high latitude "blobs" V.

parallel to magnetic field on the current convective instability in auroral

ionosphere. We fins that the growth rate of the instability can be

substantially reduced in the case of a finite size "blob" from the value

obtained when the "blobs" are assumed to be infinite. For short

15
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wavelengths, such that k Z >> (where k is the wavenumber, z0 the blob *:.

size d T 

- v. - a /a ), growth rate remains relatively

.6e A siz I d

unaffected (especially in t'he e'ectr 'static case) by the blob size. In the

long wavelength case, when kyZ << '3 , the growth rate becomes proportional

to the wavenumber and tne blob size. Thus, for a given blob size, the

longer transverse wavelengths have smaller growth rates and, similarly, for

shorter blob sizes, the growth rates are reduced rsee r3)]-

The current convective instabilit7 has been discussed in the auroral

ionosphere recently, where field-aligned currents are a constant feature

and plasma density enhancements ("blobs") have been observed with

structured walls. We now apply our resalts for the instability to this

situation. The typical parameters in this situation are the following:

ambient ensi~y ni - 106 cm ,blo Ienslty x ,06 cm- , field-

2
aligned current density J < 102 uarp/m (which corresponds to an

electron arallel drift v, < 500 m/sec fo'r n- - 100 cm-"), the scale

* engt" associated w'ith t" "'--,e' "radi rz - 50 kms, r-he ion-neut al,

ooll s-. 'r.equency v. - x sae -, :rcn......-s o ecuen'--

- x 10 sec Tunoda and Vikrey, 1985 For B0 -0.5 G, one

has v/Q2 - 6 x 10 and v. /.2 1.7 x 10-  so that a - ( '.2e vVn
n. e i e .in

'1). The maximum local growth rate is Y ~ /2 - 3.5 x 10-3 sec -1  where0 0
Y - 'V / .V 1.7 x 10-2 sec The "blob" dimension parallel
0 0v N/L ie
t. the field is zO - 300 km :Tsunoda and Vlc rey, 1985 and for the above

set of parameters we have w pe - 5.6 x 107 sec -1 , Dri 1 i.4 x 10 cm2/sec,

L r Dri/Y 0  3 x 109 cm, and z z0 //; Lr - 3.8 1 0- 7. For A -

." ki, k - -5 105, and k z - 0.2. We find from (48), that the "' .'.. ' y kv r ' y 3... i, y_
d ncnlocal growth rate in this instance is Y - 0.06 YO  1 1.0 x 10- 3 se - 1 for -ar i

the fastest growing mode (m - 0). This is an order of magnitude smaller
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than. the maximum local growth Y 10e-3 ~ sec-1  For a

similar set of parameters, we find that for X -10 kin, the reduction In

tne grow.th rate is even more substarntial, i.e., Y =0 .00 6 '.1 .0 x

see Threfre, hecurrent ccrvective instabili;ty growth rates may be

* too small for the instability to explain the blob-associated structure for

irregularity scale-sizes of I - 10 km. -

It may be pointed out that the finite blab-size induced reduction in

the current corvective itaitygrowth rate -)f tne instability is also

rel~ated to our assumpti3n that the instability region is confined to the

* "blob" (i.e., the driving density gradient is negligible outside the blob,

namely, in the ambient ionosphere). This is represented by the requirement

that the modes decay exponentially outside 'the blob. Th-is is a reasonable

*assumption in the ?bzlb-aSscciatad structure stadies. Hiowever, should there

be a transverse gradient in the ambient ionosphere at high altitude F-

region, and if a po siti.4ve correlation is observed between the structure and

--e f -algned iu'-n:.3, then tne cur rent ccn,ec t ve ins-tabil ity ccul.l

-,a oz-naicered a ::3:l ec~ianl'= z~" cale 3iz:s ,n t,-e ,rder Df a fiew <i~n

* or less.
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~'i. 2 Plt ~ g~wt rae Y/Y0  versus perpendicular wdavenumber

(17.kL )frseveral mnode numbers (m - 0, 1,2). The solidy yr

curves are numerical sclutcrons of' the disoersio. equation. (145)

whil e the dasiied Curves are analytic solution~s. rk)>1e
y

use (146) while for k (K 1< we use (148). V
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NASA

NAVAL RESEARCH LABORATORY GODDARD SPACE FLIGHT CENTER .

WASHINGTON, DC 20375 GREENBELT, MD 20771
DR. H. GURSKY - CODE 4100 DR. N. MAYNARD (CODE 696)
DR. P. GOODMAN - CODE 4180 DR. K. MAEDA
Dr. P. RODRIQUEZ - CODE 4706 DR. S. CURTIS

DR. M. DUBIN
A.F. GEOPHYSICS LABORATORY
L.G. HANSCOM FIELD COMMANDER
BEDFORD, MA 01731 NAVAL AIR SYSTEMS COMMAND

DR. T. ELKINS DEPARTMENT OF THE NAVY
DR. W. SWIDER WASHINGTON, DC 20360
MRS. R. SAGALYN DR. T. CZUBA
DR. J.M. FORBES
DR. T.J. KENESHEA COMMANDER
DR. W. BURKE NAVAL OCEAN SYSTEMS CENTER
DR. H. CARLSON SAN DIEGO, CA 92152
DR. J. JASPERS MR. R. ROSE - CODE 5321
Dr. F.J. RICH

DR. N. MAYNARD NOAA
DIRECTOR OF SPACE AND

BOSTON UNIVERSITY ENVIRONMENTAL LABORATORY
DEPARTMENT OF ASTRONOMY BOULDER, CO 80302- -

BOSTON, MA 02215 DR. A. GLENN JEAN
DR. J. AARONS DR. G.W. ADAMS

DR. D.N. ANDERSON
CORNELL UN: IERSITY DR. K. DAVIES
:-ACA, NY i.35o DR. R.F. DONNELLY

DR. W.E. SWARTZ
DR, D. FARLEY OFFICE OF NAVAL RESEARCH
DR. M. KELLEY 800 NORTH QUINCY STREET

ARLINGTON, VA 22217
HARVARD UNIVERSITY DR. G. JOINER
HARVARD SQUARE
CAMBRIDGE, MA 02138 LABORATORY FOR PLASMA AND

DR. M.B. McELROY FUSION ENERGIES STUDIES
DR. R. LINDZEN UNIVERSITY OF MARYLAND

COLLEGE PARK, MD 20742
INSTITUTE FOR DEFENSE ANALYSIS JHAN VARYAN HELLMAN,

* 1801 N. BEAUREGARD STREET REFERENCE LIBRARIAN
ARLINGTON, VA 22311

DR. E. BAUER PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK, PA 16802

MASSACHUSETTS INSTITUTE OF DR. J.S. NISBET
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PLASMA FUSION CENTER DR. L.A. CARPENTER
LIBRARY, NW16-262 DR. M. LEE
CAMBRIDGE, MA 02139 DR. R. DIVANY
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DR. F. KLEVANS
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SCIENCE APPLICATIONS, INC. UNIVERSITY OF TEXAS
1150 PROSPECT PLAZA AT DALLAS
LA JOLLA, CA 92037 CENTER FOR RESEARCH SCIENCES

DR. D.A. HAMLIN P.O. BOX 688
DR. E. FRIEMAN RICHARDSON, TX 75080

DR. R. HEELIS
STANFORD UNIVERSITY DR. W. HANSON
STANFORD, CA 94305 DR. J.P. McCLURE

DR. P.M. BANKS
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AND DEVELOPMENT CENTER LOGAN, UT 84322

BALLISTIC RESEARCH LABORATORY DR. R. HARRIS
ABERDEEN, MD DR. K. BAKER

DR. J. HEIMERL DR. R. SCHUNK
DR. J. ST.-MAURICE
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UNIVERSITY OF ALASKA PHYSICAL RESEARCH LABORATORY

FAIRBANKS, AK 99701 PLASMA PHYSICS PROGRAMME
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LOS ALAMOS NATIONAL LABORATORY
J-10, MS-664 LABORATORY FOR PLASMA AND
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DR. M. PONGRATZ UNIVERSITY OF MARYLAND
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DR. G. BARASCH JHAN VARYAN HELL.MAN,
DR. L. DUNCAN REFERENCE LIBRARIAN
DR. P. BERNHARDT
DR. S.?. GARY UNIVERSITY OF ILLINOIS

DEPT. CF ELECTRICAL ENGINEERING
UNIVERSITY OF MARYLAND 1406 W. GREEN STREET
COLLEGE PARK, MD 20740 URBANA, IL 61801

DR. K. PAPADOPOULOS DR. ERHAN KUDEKI
DR. E. OTT"

JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
JOHNS HOPKINS ROAD
LAUREL, MD 20810

DR. R. GREENWALD
DR. C. MENG

UNIVERSITY OF PITTSBURGH
PITTSBURGH, PA 15213

DR. N. ZABUSKY
DR. M. BIONDI
DR. E. OVERMAN
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